Organisms producing extended-spectrum ␤-lactamases (ESBLs) have been reported in many countries, but there is no information on the prevalence of ESBL-producing members of the family Enterobacteriaceae in Ireland. A total of 925 isolates of ampicillin-resistant members of the Enterobacteriaceae were received from six hospitals in Ireland over a 3-year period from September 1996 to September 1999. Isolates were screened for ESBL production by the double-disk diffusion (DDD) method. DDD-positive isolates that were (i) confirmed as ESBL producers by National Committee for Clinical Laboratory Standards (NCCLS) confirmatory testing and (ii) susceptible to cefoxitin by disk diffusion were considered ESBL producers. By these criteria, 27 (3%) of the ampicillin-resistant members of the Enterobacteriaceae studied were categorized as ESBL producers. Molecular typing suggested that some intra-and interhospital spread of ESBL-producing isolates had occurred. DNA sequencing of amplified bla TEM and bla SHV genes resulted in the detection of a novel bla TEM ESBL gene, bla TEM-102 in two isolates (Klebsiella pneumoniae and Enterobacter cloacae) received from the same hospital but isolated from different patients. The study suggests dissemination of ESBL-producing bacteria within the health care system in Ireland and emphasizes the need for measures to control such spread.
The most significant mechanism of resistance to the ␤-lactam antimicrobial agents is the production of ␤-lactamase enzymes. Extended-spectrum ␤-lactamases (ESBLs) hydrolyze the expanded-spectrum cephalosporins (e.g., cefotaxime and ceftazidime) and monobactams, do not hydrolyze the cephamycins (e.g., cefoxitin), and are inhibited by the ␤-lactamase inhibitors (e.g., clavulanic acid). The first ESBL, derived from SHV-1 was reported in Germany in 1983 and was designated SHV-2 (17) . At this time, more than 50 TEM-derived and 30 SHV-derived ESBLs have been characterized (http:www.lahey .org/studies/webt.htm). These ESBLs are primarily produced by members of the family Enterobacteriaceae, but they have also been reported in other families of gram-negative bacteria. In the Enterobacteriaceae, the predominant host species for ESBLs are Escherichia coli, Klebsiella pneumoniae, and to a lesser extent, Klebsiella oxytoca (25, 27) . The first outbreak of a TEM-derived ESBL, TEM-3, was recorded in France (28) . Outbreaks of ESBL-producing organisms have since been reported worldwide (3, 4, 9, 18, 22, 29, 35) . Prior to this study, there had been no detailed investigation of the prevalence of ESBLs in Ireland, although one institution had reported an outbreak of ESBL-producing K. pneumoniae (11) .
In the absence of specific surveillance, the prevalence of ESBLs in a country or region may be underrecognized, as many routine susceptibility test methods employed in clinical laboratories may not detect the production of ESBLs. Throughout the period of this study, routine antimicrobial susceptibility testing in most clinical laboratories in Ireland was performed by a modification of the same-plate comparative method developed by Stokes (31) . The Stokes method is a nonstandardized, disk diffusion method in which susceptibility is assessed by evaluation of the diameter of the zone of inhibition of growth of the test strain relative to the diameter of the zone for the control strain (in this case, E. coli ATCC 25922). Both test and control organisms are plated on a single plate, and the antimicrobial disks are placed at the boundary between the test and control strains. The Stokes method is now being progressively replaced by standardized antimicrobial susceptibility testing. The performance of the modified Stokes method for detection of ESBL-mediated resistance to broad-spectrum cephalosporins has not been defined, although experience in our laboratory indicates that ESBL-producing isolates may be considered sensitive to cefotaxime and ceftazidime by the Stokes method (unpublished observations). Routine susceptibility testing also does not differentiate between resistance to extended-spectrum cephalosporins mediated by ESBL or by other types of ␤-lactamase production. In particular, high-level production of chromosomal AmpC ␤-lactamases can also confer resistance to the extended-spectrum cephalosporins and aztreonam, and it is not possible to distinguish between these mechanisms of resistance on the basis of routine susceptibility testing (6) .
Susceptibility to extended-spectrum cephalosporins in the presence of clavulanic acid is the phenotypic characteristic of ESBL-mediated resistance that differentiates it from resistance due to AmpC ␤-lactamases (6, 32, 33) . A variety of methods for detection of ESBL production based on this characteristic have been developed. These methods include the double-disk diffusion (DDD) test, the ESBL Etest, the Vitek ESBL test, and the National Committee for Clinical Laboratory Standards (NCCLS) screening and confirmatory tests for ESBL production (for isolates of E. coli, K. pneumoniae, and K. oxytoca). Susceptibility testing to cephamycins (e.g., cefoxitin) may also help to distinguish between these two types of ␤-lactamase production, given that AmpC ␤-lactamases confer resistance to the cephamycins and ESBLs do not.
K. oxytoca possesses a chromosomal K1 ␤-lactamase which has the properties of an ESBL. Hyperproduction of this enzyme confers high-level resistance resistance to the penicillins, aztreonam, and cefuroxime, moderate resistance to ceftriaxone and cefotaxime, and susceptibility to ceftazidime (33, 34) .
A number of hospitals throughout Ireland were invited to participate in a study to determine to what extent ESBL-producing bacteria were present in Ireland. All ESBL-producing strains are ampicillin resistant (6) . ␤-Lactamase-mediated ampicillin resistance in Enterobacteriaceae is generally readily identified by the Stokes methods; therefore, participating hospitals were invited to submit isolates of Enterobacteriaceae identified as ampicillin resistant by routine testing for evaluation for the presence of ESBLs.
MATERIALS AND METHODS
Bacterial strains. A total of 925 isolates of ampicillin-resistant members of the family Enterobacteriaceae were collected from six hospitals throughout Ireland (Table 1 ). Isolates were collected over a 3-year period (September 1996 to September 1999) from blood, sputum, urine, and other clinical specimens. The identity of all isolates was confirmed by using API 20E (BioMérieux, Marcy l'Etoile, France).
Antimicrobial susceptibility testing. The DDD method (15) using the modifications developed by Coudron et al. (7) was used as the primary screening method for ESBL production in this study. Antimicrobial disks were obtained from Oxoid (Basingstoke, United Kingdom) or Difco (Surrey, United Kingdom). Aztreonam (30 g), ceftriaxone (30 g), and cefpodoxime (10 g) were placed edge to edge 15 mm from a central amoxicillin-clavulanic acid disk (20 g of amoxicillin and 10 g of clavulanic acid) on a Mueller-Hinton agar plate inoculated with a suspension of test organism equal to a 0.5 McFarland standard. Enhancement of the zone of inhibition between any one of the ␤-lactam disks and the clavulanic acid-containing disk was presumed positive for ESBL production. The NCCLS broth microdilution screening and confirmatory tests for ESBL production were performed in triplicate on isolates identified as suspect ESBL producers by the DDD method (23) . E. coli ATCC 25922 and K. pneumoniae ATCC 700603 were used as control strains for all phenotypic testing.
Isoelectric focusing. Isoelectric focusing was performed in duplicate on all isolates identified as suspect ESBL producers by the DDD method. Isolates were cultured as previously described (20) , and cells were lysed by freeze-thawing (27) . Electrophoresis was performed on precast polyacrylamide gels, pH 3.5 to 9. Enzyme activity was detected by placing filter paper soaked in nitrocefin (500 g/ml) (Becton Dickinson) over the focused gel.
Amplification and sequencing of ␤-lactamase genes. Isolates suspected of ESBL production based on results with the DDD method were examined for the presence of bla TEM and bla SHV by PCR using specific primers. The primers (5Ј-GTATGGATCCTCAACATTTCCGTGTCG-3Ј, starting at position 205, and 5Ј-ACCAAAGCTTAATCAGTGAGGCA-3Ј, starting at position 1067) and amplification conditions for detection of bla TEM were as described previously (30) . The expected product was 862 bp. Primers (5Ј-TCGGGCCGCGTAGG CATGAT-3Ј and 5Ј-AGCAGGGCGCAATCCCGCG-3Ј) for amplification of bla SHV were designed from published sequence data. Amplification was performed in a 50-l volume in a solution of 1.25 U of Taq polymerase (Promega), 10ϫ MgCl 2 -free reaction buffer (Promega), 2.0 mM MgCl 2 (Promega), 200 M deoxynucleoside triphosphates (Promega), and 250 mM (each) primer (Amersham Pharmacia Biotech). Cycling conditions were as follows: (i) an initial denaturation step of 4 min at 94°C; (ii) 34 cycles, with 1 cycle consisting of 45 s at 94°C, 45 s at 62°C, and 1 min at 72°C; and (iii) a final extension step of 2 min at 72°C. The expected product was 812 bp. E. coli C600 transconjugant strains harboring plasmids incorporating bla TEM or bla SHV were used as positive controls. To ensure that all DNA could be amplified, primers specific for the 16S/23S rRNA intergenic spacer region were used as described previously to amplify 250-to 600-bp fragments of the spacer region from the DNA prepared from all bacteria (2) . PCR products were electrophoresed in a 1% agarose gel and visualized with ethidium bromide (0.5 g/ml). DNA molecular weight marker XIV (Boehringer Mannheim) was used as a size standard. All PCR analyses were performed in duplicate.
PCR products were ligated to pCR2.1 vector (Invitrogen, Groningen, The Netherlands) and transformed into One Shot INV␣FЈ cells (Invitrogen) in accordance with the manufacturer's instructions. Positive clones were harvested, and plasmid DNA was extracted by using the Qiagen spin miniprep kit (Qiagen, Crawley, United Kingdom). EcoRI sites flank the position on the vector at which the bla gene is inserted. The presence of the bla gene was confirmed by digestion with EcoRI (Boehringer Mannheim) and sequenced using M13 forward and reverse primers, which flank the location of the gene in the plasmid.
Molecular typing of strains. Plasmid DNA was isolated using a modified version of the method of Kado and Liu (16) . Plasmids were visualized by electrophoresis on a 1% agarose gel at 70 V for 4 h, followed by staining with a 1-mg/ml solution of ethidium bromide. The supercoiled DNA marker (2 to 10 kb) and the laboratory strain E. coli J53 R1, which harbors a plasmid of 93 kb, were used as size standards.
For pulsed-field gel electrophoresis (PFGE) analysis, whole chromosomal DNA was prepared from bacteria embedded in agarose and digested with XbaI as previously described (24) . DNA fragments were resolved on 1.2% (wt/vol) agarose gels run on a Pharmacia LKB gene navigator at 6 V/cm with pulse times ramped at 5 to 60 s for 3 h and then at 5 to 20 s for 20 h. Pulse markers (50 to 1,000 kb; Sigma) consisting of concatemers of lambda DNA were used as size standards. Gels were stained in ethidium bromide (5 g/ml) and visualized under UV light.
Randomly amplified polymorphic DNA (RAPD) PCR was performed using a combination of three primers, primers 4, 5, and 6 from the Ready To Go RAPD analysis kit (Amersham Pharmacia Biotech). The reaction was set up in accordance with the manufacturer's instructions. Cycling conditions were as follows: (i) an initial denaturation step of 3 min at 94°C; (ii) 35 cycles, with 1 cycle consisting of denaturation (20 s at 94°C), annealing (20 s at 40°C), and extension (45 s at 72°C); and (iii) a final extension step of 5 min at 72°C. Electrophoresis was performed in a 1% agarose-1% NuSieve agarose gel in 1ϫ Tris-borate-EDTA (TBE) at 2 V/cm and 146 mA for 4.5 h (12). DNA was visualized by staining the gel with 5 g of ethidium bromide per ml in 0.5ϫ TBE. DNA molecular weight marker XIV (Boehringer Mannheim) was used as a size standard. TIFF images of the PFGE and RAPD PCR gels were scanned into the Bionumerics software (Applied Maths, Kortrijk, Belgium) and normalized by aligning the molecular size marker with the reference standard for the database. Analysis of banding patterns generated by PFGE and RAPD PCR was performed using the Dice coefficient at band migration tolerances of 3 and 1.2%, respectively. Clustering of patterns was performed by unweighted pair group with arithmetic averages (UPGMA).
Nucleotide sequence accession number. The sequence of the novel ␤-lactamase, TEM-102, has been deposited in GenBank and assigned accession number AY029354.
RESULTS
A total of 925 ampicillin-resistant members of the family Enterobacteriaceae were collected from six hospitals in Ireland (Table 1) . Fifty-six (6%) isolates were identified as suspect ESBL producers by the DDD method of Coudron et al. (7 
enterocolitica).
The nucleotide sequences and corresponding derived amino acid sequences were elucidated for all partial bla TEM and bla SHV genes detected by PCR. Of these, 14 corresponded to TEM-1, 7 corresponded to TEM-2, 3 corresponded to TEM-12, 1 corresponded to TEM-33, 2 corresponded to TEM-35, 3 corresponded to SHV-1, 2 corresponded to SHV-11, and 1 corresponded to SHV-5 (Tables 2 and 3 ). The derived amino acid sequences of the bla TEM genes from two isolates (one K. pneumoniae isolate and one E. cloacae isolate) revealed substitutions not previously observed. Both had a phenylalanine residue at position 21, a serine residue at position 164, and a methionine residue at position 265. This sequence has been designated TEM-102 (Table 2) (http:www.lahey.org/studies /webt.htm). Various silent substitutions were also observed in the amino acid sequences of the TEM-and SHV-derived amino acid sequences.
PFGE of the 15 E. coli isolates using XbaI generated 12 
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a EC, E. coli; KP, K. pneumoniae; KO, K. oxytoca; OK, other species of Klebsiella; OE, other species of Enterobacteriaceae. b Amino acid residues are numbered according to the numbering system of Ambler et al. (1) . The one-letter amino acid code is used as follows: A, alanine; C, cysteine; D, aspartic acid; E, glutamic acid; F, phenylalanine; G, glycine; H, histidine; I, isoleucine; K, lysine; L, leucine; M, methionine; N, asparagine; P, proline; Q, glutamine; R, arginine; S, serine; T, threonine; V, valine; W, tryptophan.
major patterns of 12 to 20 fragments from approximately 40 to 500 kb (Fig. 1) . Analogous to PFGE, 12 major patterns were also recognized among the 15 isolates of E. coli analyzed by RAPD PCR (Fig. 2) . Thirteen different plasmid profiles, each including one to five plasmids with molecular sizes ranging from 3 to 105 kb, were found among the 15 isolates of E. coli (Fig. 3) . Three consecutive isolates from a single patient were identified as having similarity values of 96 to 100% by PFGE and RAPD analysis, but the isolates had different plasmid profiles. Two E. coli isolates from different patients in one hospital were 96% similar and had identical plasmid profiles.
PFGE of the seven isolates of K. pneumoniae yielded five major patterns of 12 to 18 fragments, ranging in size from approximately 35 to 400 kb. RAPD PCR analysis generated seven major patterns. Seven different plasmid profiles, each including two to eight plasmids with molecular sizes ranging from 1.8 to 115 kb, were identified. Two of these isolates were consecutive isolates from the same patient, had a similarity value of 100% by PFGE analysis (88% by RAPD PCR), and had similar plasmid profiles. A third isolate from a different patient and sent by a separate institution was identified as 88% similar to these two isolates based on PFGE analysis.
PFGE and RAPD PCR both yielded two major patterns among the three isolates of K. oxytoca examined. PFGE yielded two patterns and RAPD PCR yielded three distinct patterns among the three isolates of K. ozaenae. Two of the K. ozaenae isolates from different patients in one hospital were 98% similar by PFGE analysis (88% by RAPD PCR) and had identical plasmid profiles.
PFGE generated 14 major patterns of 14 to 21 fragments ranging in size from 30 to 500 kb from the 15 isolates of E. cloacae analyzed. Thirteen major patterns were recognized by RAPD PCR. Fourteen different plasmid profiles, each including one to four plasmids with molecular sizes ranging from 3.5 to 125 kb, were recognized. Two of these isolates, received from the same hospital but isolated from different patients, were 95% similar and had identical plasmid profiles.
DISCUSSION
This is the first extensive, multicenter study to prospectively look for ESBL-producing bacteria in Ireland. Screening ampicillin-resistant members of the family Enterobacteriaceae from six hospitals in Ireland by the DDD method of Coudron et al. (7) identified 56 suspect ESBL producers among 925 isolates (6%). NCCLS broth microdilution ESBL confirmatory test was positive for 43 (77%) of these isolates of which 19 were isolates of species for which the confirmatory test is recommended 
a KP, K. pneumoniae; OK, other species of Klebsiella. b Amino acid residues are numbered in according to the numbering system of Ambler et al. (1) . The one-letter amino acid code is used as follows: A, alanine; C, cysteine; D, aspartic acid; E, glutamic acid; F, phenylalanine; G, glycine; H, histidine; I, isoleucine; K, lysine; L, leucine; M, methionine; N, asparagine; P, proline; Q, glutamine; R, arginine; S, serine; T, threonine; V, valine; W, tryptophan.
( Klebsiella species. AmpC ␤-lactamase production is associated with resistance to cefoxitin, and this may account for the observed cefoxitin resistance in these 16 isolates.
AmpC ␤-lactamases are chromosomally encoded in several species of gram-negative bacteria, including Enterobacter spp., E. coli, Morganella morganii, Citrobacter freundii, and Serratia marcescens among others (14, 24) . These enzymes are generally inducible, with the exception of the AmpC ␤-lactamase of E. coli, which is produced constitutively at low levels (8, 13) . Cefoxitin is a potent inducer of AmpC production (21) . AmpC ␤-lactamases generally have pIs of greater than 8 (6) . Of these 16 cefoxitin-resistant isolates, 12 produced ␤-lactamases with pIs of greater than 8; however, AmpC is not inhibited by clavulanic acid and does not explain a positive result by DDD and NCCLS ESBL confirmatory test. Constitutive production of ESBL combined with cefoxitin-inducible high-level AmpC production is one possible explanation for these findings. Multiple ␤-lactamases were not identified by isoelectric focusing; however, isoelectric focusing was performed on isolates that were not subjected to induction prior to analysis.
Cefoxitin-resistant ESBL producers have been reported previously (33) . Loss or alteration of the porin(s) which allows entry of the cephamycins (cefoxitin) to the cell may have resulted in the observed cefoxitin resistance (26) . Martínez-Martínez et al. (19) recently reported that the loss of porins OmpK36 and OmpK35 resulted in increased resistance to cefoxitin in ESBL-producing isolates of K. pneumoniae. It is also possible that the ESBL confirmatory test is not entirely specific even among isolates of those three species for which it is recommended. If we consider the status of ESBL production in these 16 isolates as uncertain, the most conservative estimate (ESBL positive, cefoxitin susceptible) of the rate of ESBL production among ampicillin-resistant isolates in Ireland is 0.017% for E. coli, 10% for K. pneumoniae, and 14% for K. oxytoca.
TEM and/or SHV ␤-lactamase enzymes were detected by analytical isoelectric focusing in 33 of the 43 isolates that gave positive results by the NCCLS ESBL confirmatory test. The presence of the bla TEM gene and/or bla SHV gene was confirmed by PCR in 25 of these isolates (4 isolates harbored both bla TEM and bla SHV genes). Repeated failure of amplification was not due to inhibition of amplification, as the 16S/23S rRNA intergenic spacer region was amplified in each case. Sequencing of amplicons indicated bla TEM-1 , bla TEM-2 , or bla SHV-1 in 22 isolates as follows: 12 isolates had bla TEM-1 (5 E. coli, 3 K. pneumoniae, 1 K. oxytoca, 1 K. ornithinolytica, 1 E. cloacae, and 1 Kluyvera species), 7 isolates had bla TEM-2 (1 E. coli, 5 E. cloacae, and 1 E. sakazakii), 1 isolate had bla SHV-1 (K. pneumoniae), and 2 isolates had both bla TEM-1 and bla SHV-1 (K. pneumoniae). bla was detected in two isolates of K. pneumoniae. First described in Switzerland, SHV-11 is not considered an ESBL, although it is acknowledged that MICs of ceftriaxone, cefotaxime, cefepime, and ceftazidime are raised slightly (23a). The failure to identify ESBL sequences by amplification and sequencing from these isolates confirmed as ESBL producers by the NCCLS ESBL broth microdilution confirmatory method suggests that multiple bla TEM and/or bla SHV sequences may be present in these isolates and amplification methods may not detect the specific gene that encodes the ESBL. Alternatively, these isolates may produce non-TEM and non-SHV ESBLs (5) .
ESBL sequences were identified in six isolates. Three isolates harbored bla TEM-12 (2 K. ozaenae and 1 E. agglomerans), and one isolate (K. ozaenae) harbored bla . The TEM-12-producing K. ozaenae isolates were indistinguishable by PFGE and plasmid profile. The three TEM-12-producing isolates were isolated from different patients in a single hospital, which is consistent with dissemination of an ESBL-producing K. ozaenae strain and interspecies transfer of an ESBL gene.
Two isolates (1 K. pneumoniae and 1 E. cloacae) harbored the same novel TEM ESBL, TEM-102. The amino sequence of this novel ESBL differed from the amino acid sequence of TEM-1 by three amino acid substitutions: phenylalanine for leucine at position 21, serine for arginine at position 164, and methionine for threonine at position 265 (Table 2 ). These isolates were isolated from different patients in one hospital, which is consistent with dissemination of an ESBL-encoding gene.
Three isolates produced inhibitor-resistant ␤-lactamases; 2 produced TEM-35 (1 Kluyvera species and 1 S. marcescens), and 1 produced TEM-33 (E. coli). The inhibitor resistance phenotype was noted in each of the isolates. The two TEM-35-producing isolates were isolated from different patients in one hospital.
Three isolates of K. oxytoca were positive by the NCCLS ESBL confirmatory test. By isoelectric focusing, TEM-like ␤-lactamase was detected in two of these isolates, and SHVlike ␤-lactamase was detected in all three of these isolates. The presence of bla TEM-1 was confirmed by PCR and sequencing analysis in one of these isolates. All K. oxytoca characteristically produce a chromosomally encoded ␤-lactamase, K1, belonging to one of two groups, OXY-1 or OXY-2 (10). The OXY-1 ␤-lactamases of pI 7.5 to 8.2 and OXY-2 ␤-lactamases of pI 5.2 to 8 have been characterized (1a, 10). Hyperproduction of these enzymes confers high-level resistance to aztreonam, ceftriaxone, and cefuroxime, moderate resistance to cefotaxime, and low-level resistance to ceftazidime and can be mistaken for ESBL production. Overall, results with these three isolates appear most consistent with K1 hyperproduction. This is the first extensive multicenter study to prospectively look for ESBL-producing bacteria in Ireland. The results indicate that ESBL-producing bacteria are present at significant levels and that intrahospital spread may have occurred.
